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ABSTRACT 

Four  xkrwpi*.  at  Wu  Raw  been  prepared  ham  SAE  4140, 
SAE  1020  l.utvolled,  ned  SAE  1020  cold-roliod  tUtlu,  aad  sub¬ 
jected  la  itfir  id  shock  loot  ions  while  raakurlin  lotifi 

of  varioos  taetfiiludfa.  Bolt  deaigae  provided  rat’/te  e(  eheaic 
area  ta.tl.ead  r  i  area  of  iJI/1  aad  1/T  in  a ri  of  two  shook 
lerj^he.  Such  quantities  aa  the  velocity  and  areeleretioo  of  the 
reeksieed  load,  the  velocity  of  tie  ehoclt  ewebine  aavil  table, 
aad  the  tgruab  etraia  aad  plastic  clonpstioe  al  the  specimen 
belt  have  lease  weaauraJ  Coa-par  ieooe  of  etatic  aad  dyaamie 
atreasae  aad  «loe|jntloae  have  beet,  made  to  reveal  hoi  their 
..lalioeebip  h  affected  by  cawtiotj  of  lilt  n«<?s>et>  y  aad  as* 
iarLtL  la  yeoera),  the  use  of  reduced  eliaske  tu;  been  found  tc 
leash  la  store  daairahla  mhech  properties,  particaiarly  when 
the  bolt  loepth  is  fairly  groat.  The  lmpf*voaeeu*  is  atnelkr  when 
the  bolt  leapt!  ia  short.  Bolts  of  SAE  4140  stool  barn  tinea 
foeed  useaUy  to  p<M»ja«  a  more  wteirabie  eombioatioe  I  pr#»- 
orties  than  those  of  the  other  a  tee  in  meted. 


PHOUCijM  STATUS 
This  b  a  final  report  oa  this  peUm. 
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INTRODUCTION 


PROPERTIES  OF  Dora'S  UNDER  SHOE  LOADING 


Underwater  explosion  tests  have  shown  that  dynamic  kmd3  ;supported  by  holddown  bolts-  sec oring 
heavy  equipments  were  about  twice  ns  large  as  could  be  carried  statically.  A  series  of  tests  were 
undertaken  to  determine  what  bolt  design  and  material  would  be  most  efficient  Under  dynamic  conditions 
when  the  bolt  loading  and  mechanical  shock  waveforms  approximated  field  combat  conditions.  Specific 
design. data  were  desired  for  the  SMRA-6  diesel  engine  holddown  bolts. 

It  has  long  been  known  that  the  mechunical  properties  of  Materials  are  affected  by  the  rate  of  load 
application.  This  characteristic  bus  been  demonstrated  for  a  variety  of  materials  by  authors  listed  in 
References  1  through  19.  Jn  the  specific  instance  of  bolts,  it  has  been  shown  that  reduction  of  the 
shank  area  hy  diameter  reduction,  longitudinal  flutes,  or  axial  holes,  to  a  value  comparable  to  tLe  thread 
root  area,  will  greatly  increase  their  ductility  and  energy-absorbing  capacity.  Although  much  effort  has 
been  expended  in  this  field,  test  results  are  usually  not  directly  comparable,  and  are  often  incompatible, 
principally  due  to  differences  in  rates  of  loading,  performance  criteria,  measurement  techniques,  and  to 
undetermined  parameters,  such  as  previous  history  of  the  specimen.  Test  results  indicate  that  not  all 
the  mechanisms  of  dynamic  performance  arc  clearly  understood,,  and  that  it  would  be  difficult  to  predict 
a  bolt’s  behavior  in  a  particular  dynamic  application. 

All  of  the  tests  ?ited  above  have  been  designed  to  rapture  specimens  with  a  single  application  of 
load.  Since  such  an  occurrence  woald  be  cause  for  alarm  in  the  case  of  a  bolt  restraining  essential 
shipboard  equipment,  the  present  tests  were  designed  to  investigate  the  properties  of  a  bolt  subjected 
to  repeated  impact  loadings  at  stresses  beli>w  that  which  would  cause  rupture  during  the  first  blow. 

The  relative  quality  of  the  holts  has  been  judged  by  comparison  of  the  number  of  identical  impact  load¬ 
ings  they  can  withstand  before  failure,  the  average  extension  per  blow,  .the  total  elongation,  and  the 
maximum  dynamic  strain.  Much  of  the  data  included  in  this  report  for  SAE  1020  cotd-rolled  steel  bolts 
has  been  previously  reported  in  Reference  18. 

SPECIMENS 

The  dimensions  and  designs  of  the  bolts  tested  are  shewn  in  Fig.  1.  They  are  nominal  3/4-in.- 
diameter  bolts  with  over-all  lengths  of  2  in.  for  the  short  bolts  and  4-1/4  in.  for  the  long,  and  with  phonic 
diameters  of  0.750  in.  for  straight-shank  bolts  and  0.656  in.  for  reduced-shank  bolts.  Bolts  of  each 
design  were  machined  from  hexagonal  steel  bar  sti  ck,  SAE  1020  in  both  the  hot  &nd  cold-roll  d  conditions, 
and  SAE  4140  cold  drown  and  stress  relieved.  These  materials  are  representative  of  a  group  of  materials 
possessing  distinguishing  metallographic  characteristics;  1020  HR  (hot  rolled)  has  a  well-defined  yield 
point,  1020  CR  (cold  rolled)  exhibits  a  Bmooth  transition  from  the  elastic  to  plastic  regions  without  a 
pronounced  yield  point,  and  4140  is  classed  as  a  high-strength  steel.  The  numbers  of  bolts  of  each 
design  and  material  tested  are  shown  in  Table  Al.*  Standard  0.505-in.-diaroeter  tensile  specimens 
were  prepared  from  the  bar  stock  used  for  each  set  of  bolts  and  tested  statically  to  ass  i&rjS ’uniformity 
of  material.  The  data  from  these  tests  are  shown  as  Tables  A2,  A4,  and  A6. 

— —  '  -'H*  " 1  ^ 
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Tables  At  through  A9«re  contained  io  the  append:*. 
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Fig.,1  -  D«a  l|nf  of  bolta-teateA 


STATIC  TESTS 


Bolts  of  each  shank  type,  length,  and  material  were  tested  statically,  with  the  results  shown  in 
Tables  A3,  A5,  and  A7.  Typical  load-strain  curves  for  long  reduced-*shank  bolts  of  all  three  materials 
are  shown  in  Fig,  2.  A  set  of  12  long  reduced-shank  SAF.  1020  CR  bolts  was  oxamined  for  evidence 
of  strain-aging.  These  bolts  were  subjected  to  two  impact  loadings,  then  aged  at  room  temperature  for 
time's  ranging  from  2  hours  to  96  days.  They  were  then  given  a  static  tensile  test  to  reveal  any  change 
in  mechanical  properties.  Although  the  elastic  limits  of  all  of  these  bolts  were  somewhat  higher  than 
usual,  no  correlation  was  observable  between  this  quantity  and  the  aging  time.  A  series,  of  repeated 
loading  static  tensile  tests  on  0.505-in;  specimens  of  this  material  revealed  no  unusual  characteristics. 
All  static  tests  were  performed  on  a  hydraulically  operated  tension-compression  testing  machine  of 
60,000-lb  capacity.  The  strain  in  the  bolts  was  measured  by  means  of  an  ac  bridge  circuit  incorporating 
two  diametrically  opposite  strain  gages  which  were  located  adjacent  to  the  threaded  section  of  the  bolts. 
The  apparatus  is  shown  in  Fig.  3. 


IMPACT  TEST  PROCEDURE  AND  APPARATUS 

The  impact  tests  were  performed  on  the  Navy  Mediumweigh*  High-Impact  Shock  Machine  (20).  Base 
plates  17.6  in.  diameter  and  2  in.  thick,  and  mating  weights  17.1  in.  diameter  and  2  in.  thick,  were 
fabricated  of  hot-rolled  steel  plate.  The  weights  fitted  into  recesses  in  the  base  plates  to  eliminate 
shear  and  bending  forces  on  the  test  bolt.  The  test  bolt,  which  was  loaded  by  the  inertial  forces  of 
the  restrained  weight  during  periods  of  negative  acceleration  of  the  base  plate,  was  consequently 
subject  only  to  tensile  loads.  The  impact  test  arrangement  is  shown  schematically  in  Fig.  4.  The 
length  of  the  tapered  bushing  was  adjusted  to  provide  un  initial  length  of  thread  engagement  equal  to 
one  nominal  bolt  diameter  (0.750  in,). 
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Fic.  2  -  Load-strain  curres  of  !»>“« 
»educ  ed-shank  bolts  **  ‘he  *hre* 
materials  tested.  *1*0  radicate. 
SAE  *1*0.  1020  Oft  indicates 

SAE  1020,  cold-rolled  and  10?0  HH. 
SAE  1020  hot-tolled  steels.  Strain 
was  measured  hr  **  SB-l  '*■*« 
adjacent  to  the  thread*. 


Fit.  3  -  Static  tensile  test 
apparatus,  shown  with  0.5'05- 
in.  specimen  under  test.  All 
static  tests  were  performed 
in  a  hydraulically  operated 
testing  machine  of  60,000-lb 
capacity.  Strain  was  meas¬ 
ured  by  an  SR-*  gage  >»  an 
AC  bridge  circuit. 


Two  extremes  of  shipboard  installation  were  simulated  by  different  methods  of  attaching  the  base 
plate  to  the  shock  machine.  In  the  first  method,  the  base  plate  was  fastened  directly  to  the  anvil  table, 
providing  very  abrupt  velocity  changes.  This  type  of  shock  is  very  similar  to  that  experienced  by  equip¬ 
ments  mounted  near  the  hull  of  a  ship  subjected  to  underwater  explosion.  In  the  second  method,  the  base 
plate  was  mounted  on  channels  according  to  the  normal  specifications  for  shock  tests  of  Naval  equip¬ 
ments  (21).  To  a  large  extent,  this  removes  the  abruptness  of  acceleration  and  deceleration  noted  in  the 
first  type  of  mounting,  and  is  typical  of  that  experienced  by  equipments  at  inboard  locations.  The  flexi¬ 
bility  of  the  channels,  however,  introduces  strongly  defined  frequencies  into  the  shock  motions,  which 
may  be  extremely  damaging  when  they  coincide  with  the  natural  frequencies  of  equipments  or  components. 
The  two  types  of  test  mountings  ere  illustrated  in  Figs  5  and  6,  respectively. 

The  shock  motions  of  the  anvil  table  were  kept  as  uniform  os  possible  from  blow  to  blow  bv  main¬ 
taining  the  total  load  on  the  *able  constant  for  all  test*.  The  hammer  was  dropped  from  a  height  of 
2.25  ft,  and  the  anvil  tublc  was  restricted  to  an  upward  travel  of  1.5  in.  The  weights  of  the  loads  ' 
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restrained  by  the  specimen  bolts  were  either  109,  293,  or  423  lb,  and  one  bolt  whs  tested  with  a  load 
of  122  lb.  Following  each  blow,  the  bolt  was  removed,  and  its  elongation  was  measured,  h  was  tnen 
replaced  In  the  apparatus  and  tightened  to  a  predetermined  stress. 


Fit.  $  -  Dyaamle  teat  apparatus,  a*  arran*od  tar  loads  mounted 
directly  oa  the  shack  machine  anvil’ table.  Two  holte  ere  here. 
under  teet.  their  restrained  loads  topped  hr  velocity  mater*.  The 
dummy  loads  hatweoa  them  enabled  the  total  lead  oa  the  shock 
mschiae  anvil  table  to  be  held  eonstaot  1»!  both  types  of  lsad-bnlt 
moaatlne  arrsnfsnents. 


The  measuring  instruments  were  an  SR-4  strain  gage  which  was  attached  to  the  shank  cf  the  bolt 
immediately  adjacent  to  the  threads,  an  MB  type  200  velocity  meter  fastened  to  the  anvil  table,  and  a. 
quartz  crystal  accelerometer  and/or  an  MB  type  200  velocity  meter  attached  to  the  load.  The  signals 
produced  by  these  devices  were  recorded  simultaneously.  The  instrumentation  may  be  seen  in  Figs.  5 
and  6. 

Before  each  test  blow,  the  bolt  under  teat  was  tightened  until  an  attached  strain  gage  indicated  a 
preatress  of  25,000  psi.  In  the  case  of  1020  HR  bolts,  the  prestress  was  reduced  to  20,000  pst.  The 
tor«|n*»  required  to  roach  this  stress  when  the  boh  was  first  tightened  wns  recorded,  enabling  the  prestres* 
to  be  approximated  for  later  blows  if  the  strain  gage  had  failed.  In  the  case  of  straight-shank  bolts,  where 
most  of  the  elongation  occurred  in  the  exposed  length  of  the  thread,  the  strain  gage  ooi.jl*y  survived  the 
bolt.  In  the  case  of  reduced-thank  bolts,  the  gage  usually  failed  after  the  first  few  blows,  since  elonga¬ 
tion  occurred  almost  exclusively  in  the  shank,  near  where  the  gage  was  attached. 


CHARACTERISTICS  OF  IMPACT  TEST  RECORDS 

Figure  7  presents  typical  records  obtained  during  tests  of  various  bolts.  Records  of  the  velocity 
of  the  center  of  the  anvil  table  exhibit  n  waveform  approximating  n  step  change  of  velocity  with  some 
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Flit  *  -  Drunlc  teat  apparatus  as  arranged  for  lsada  mounted  oa 
channels.  Here  the  -haao  plate  of  Fig.  4  ia  secured  to  standard 
mounting  channels.  One  holt  ia  shown  in  position  far  test. 


high-frequency  modulation.  The  anvil  table  is  accelerated  upward  far  a  period  of  about  1  millisecond, 
after  which  its  average  velocity  is  essentially  constant  at  a  value  of  about  6  ft/sec.  When  the  anvil 
table  reaches  the  limit  of  its  permissible  travel,  it  is  abruptly  restrained  by  the  tabl-  holddown  holts, 
its  velocity  reversal  taking  2  to  3  milliseconds.  Timing  was  provided  by  an  auxiliary  1-kc  signal,  or  . 
by  blanking  markers  spaced  at  millisecond  intervals. 

When  the  load  is  mounted  directly  on  the  anvil  table  (Fig.  7a  and  7b),  its  velocity  record  is 
essentially  that  of  a  high-frequency,  sinr,le-degree-of-freedom  system  excited  by  a  step  change  of 
velocity.  The  frequency  of  the  load-holt  system  varies  from  about  200  cps  for  423-lb  loads  to  300  cps 
for  169-lb  loads.  In  the  case  of  an  idealized,  undamped  system  excited  by  a  step  velocity  change  Yj, 
the  motion  of  the  mass  may  he  described  by  the  expressioa 

V2  =  Vj  [  1  -  cos  coni)  , 

where  V2  is  the  velocity  of  the  mass  and  coB  is  the  natural  circular  frequency  of  the  system.  In  these 
tests,  the  peak  load  velocities  were  found  to  be  about  1.6  to  1.7  times  the  velocity  of  the  anvil  table, 
indicating  that  this  simple  system  is  a  fair  approximation  to  that  which  actually  existed. 

Hecords  of  load  velocity  in  the  case  of  channel-mounted  loads  (Fig.  7c)  reveal  a  rather  smooth 
sinusoidal  motion  at  a  frequency  of  about  60  cps.  Abrupt  velocity  changes,  due  to  stopping  the  anvil 
table,  are  isolated  from  the  test  boll  due  to  the  low-pass  filter  action  of  the  mounting  channels.  It 
was  found  under  these  circumstances  that,  for  light  loads,  many  of  the  bolts  did  not  stretch  plastically, 
so  it  was  necessary  to  replace  these  loads  by  ones  of  423  pounds  before  any  plastic  strain  could  be 
induced.  Since  the  data  from  these  bolts,  when  restraining  169-lb  loads,  consist  entirely  of  zero 
average  extensions  per  blow,  they  are  not  included  ir.  the  graphs  of  Fig.  9,  but  are  presented  separately 
as  Table  A9. 
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When  the  load-bolt  system  is  mounted  directly  on  the  anvil  table,  four  major  strain  peaks  are 
found  (Fig.  7).  Three  of  these  occur  during  the  rise  time  of  thfc  anvil  tnble,  while  the  fourth,  and 
generally  largest,  coincides  with  the  reversal  of  the  table. 

The  first  three  peuks  are  caused  by  transient  oscillations  due  to  flexibility  of  the  table  which 
impose  dynamic  strains  on  the  bolt  before  the  anvil  table  reaches  the  upper  Limit  of  its  travel.  1  he 
maximum  value  of  the  first  strain  peak  is  of  the  same  order  of  magnitude  ns  that  caused  by  table 
reversal,  end  is  sufficiently  large  to  extend  well  into  the  plastic  range.  The  forces  aeting  on  a  bolt 
at  these  times  may  be  determined  as  the  product  of  the  weight  restrained  by  the  bolt  and  its  negative 
peak  of  acceleration,  which  -is  shown  on  most  of  the  records. 

When  the  load-bolt  system  is  mounted  on  channels,  strain  peaks  appear  at  each  period  of  negative 
load  acceleration.  Except  for  the  423-lb  loads,  these  peaks  are  small  and  almost  entirely  elastic.  With 
both  methods  of  load  mounting,  the  strain  records  are  quite  smooth,  indicating  that  the  higher  frequencies 
observed  in  the  .Load  velocity  and  acceleration  curves  are  local  vibrations  at  the  instrument  locations 
that  cause  little  strain  in  the  bolt. 

If  the  strain  maxima  for  each  blow  are  derived  from  the  SR*4  records  for  several  successive  blows, 
they  are  found  to  decrease  steadily.  Tbis  effect  is  caused  by  tbe  development  of  necking  at  a  iocation 
some  distance  from  tbe  gage.  Since  reduced-shank  bolts  are  subject  to  greater  uniform  strain. than  the 
straight-shank  type,  and  short  bolts  are  generally  subject  to  greater  strains  than  long  bolts,  this  effect 
can  be  observed  only  lor  long,  straight-shank  bolts.  This  effect  maybe  observed  in  tbe  group  of  data 
in  Table  A  8. 

Although  necking  occurred  in  the  threads  of  the  'straight-abaak  bolts,  some  permanent  elongation 
occurred  over  the  entire  length  of  the  bolt  for  the  first  two  or  Lree  blows.  Thereafter,  the  ratio  of 
thread  root  area  to  shank  area  was  reduced  sufficiently  to  pause  all  yielding  to  take  place  in  the  exposed 
threads.  _ Reduced-shank  bolts,  on  the  other  band,  continued  to  strain  plastically  in  the  shank.  As  a 
.result,  strain  gages  were  subjected  to  much  greater  strains  in  reduced-shank  bolts,  usually  siificient 
to  cause  gage  failure  during  the  first  or  second  blow.  Those  attached  toSAE  4140  bolts  generally 
survived  three  of  four  blows. 

Five  of  tbe  SAE  1020  HR  short,  straight-shank  bolts  failed  by  shearing  their  threads;  this  was  not 
observed  in  bolts  of  the  other  materials.  These  bolts  are  indicated  by  a  T  beneath  tbe  appropriate  bars 
of  Figs.  8  through  16. 

One  SAE  1020  HR  long  reduced-shank  bolt  elongated  to  such  a  degree  that  it  could  no  longer  be 
tightened;  testing  of  this  bolt  was  consequently  discontinued.  All  of  tbe  1020  HR  straight-shank  bolts 
failed  in  tbe  threads,  and  all  reduced-shank  bolts  failed  about  midway  along  the  shank.  All  bolts  showed 
reduction  of  area  at  the  point  of  failure;  this  was  greatest  for  the  SAE  1020  HR  bolts  and  least  for 
SAE  4140. 

It  is  usual,  in  tbe  case  of  tests  which  rupture  the  specimen  or  bolt  with  a  single  blow,  to  present 
impact  work,  or  its  ratio  to  static  work,  as  the  quantity  of  interest.  Under  the  conditions  or  repeated 
impact  loadings,  this  quantity  is  difficult  to  determine,  due  to  the  uncertainty  concerning  the  energy 
absorbed  by  the  bolt  for  any  particular  blow.  From  the  bolt  strain  and  load  acceleration  curves,  an 
estimate  could  be  made  for  those  blows  for  which  records  of  these  quantities  exist,  but  a  great  deal 
of  computation  would  be  required,  and  a  reasonable  degree  of  accuracy  could  not  ultimately  be  expected. 

Measured  values  of  the  selected  test  parameters  are  shown  on  Figs.  8lhrough  16.  Each  blow  is  repre¬ 
sented  by  *4  separate  numbered  bar.  The  values  shown  for  average  extension  per  blow  arc  those  observed 
for  nil  blows  except  thnt  which  fractured  the  bolt.  The  extension  for  this  last  blow  wus  usually  about  half 
that  tor  any  preceding  blow,  indicating  that  the  bolts  usually  failed  at  on  curly  stage  of  the  last  blow.  The 
v.ilivs  given  for  the  other  properties  are  the  averages  of  the  Values  observed  for  all  blows. 
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16  -  Pemk  dynamic  strain  (second  peak)  vs  restrained  load.  A  considerable  rocreiie  is  dynamic 
strain  may  be  foo-nd  during  ibis  period  es'coaipared  vitb  those  of  the  iirst  peat;  in  the  c i a «  of  1020  HR 
bolts  the  increase  was  se  great  as  to  result  ia  invariable  failure  of  the  gnge.  The  values  stated  are 
averages  for  all  blows. 


Il  should  be  noted  that  the  peak  table  and  load  velocities  bad  little  effect  on  the  rate  or  magnitude 
of  the  strain  experienced  by  the  bolt.  In  addition,  differences  between  these  velocities  <to  not  accurately 
provide  the  velocity  of  deformation  of  the  bolt,  since  anvil  table  or  channel  flexibilities  permit  the  base 
plate  of  the  testing  rig  to  acquire  velocities  considerably  different  from  those  measured  at  the  center  of 
tha  anvil  table.  The  maximum  inertia  load  supported  by  the  test  bolt  is  the  product  of  the  peak  negative 
acceleration  (or  the  maximum  negative  slope  of  the  velocity-time  cirve)  and  the  mass  of  the  load,  and  is 
equal  to  the  maximum  force  transmitted  by  the  holt.  This  quantity  is  dependent  upon  the  strength  of  the 
bolt.  Considering  the  designs  of  the  bolts  tested,  it  is  evident  that  the  gages  attached  to  reduced-shank 
bolts  will  be  at  locations  where  maximum  straia  occurs,  so  that  readings  from  such  gages  may  be  expected 
to  vary  with  the  maximum  inertia  load  on  the  bolt,  while  gages  attached  to  straight-shank  bolts  will  be 
exposed  primarily  to  the  elastic  part  of  the  strain,  so  that  any  relation  between  peak  inertia  load  and  peak 
strain  measured  in  these  bolts  will  be  much  less  pronounced.  That  this  is  found  experimentally  may  be 
seen  from  the  dots  of  Figs.  11  through  16. 

Records  of  bolt  strain  and  acceleration  of  table-mounted  londs  (Fig.  7)  show  four  major  periods  of 
activity;  of  these,  however,  the  period  immediately  following  the  initial  acceleration  of  the  anvil  table 
owl  that  associated  with  the  anvil  tabic  reversal  generally  hove  more  effect  than  the  other  two.  Consequently, 
data  nrc  presented  for  these  two  periods  only,  the  former  being  referred  to  ns  the  "first  peak”  nnd  the  latter 
on  the  “second  peak”.  The  second  peak  is  aomcwhnt  greutcr  in  magnitude  than  the  first,  and  consequently 
ptn/s  a  proportionately  grenter  role  in  the  determination  of  the  properties  of  bolts  ns  measured  in  these  tests. 
In  graphs,  the  values  staled  for  the  test  parameters  are  the  nvernge  values  for  cnch  blow  during  which 
throe  quantities  were  treasured. 
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IMPACT  TEST  RESULTS 

Blows  to  Failure 

Since  the  velocity  of  thf  load  relative  to  the  anvil' table  was  found  to  be-aBout  the  same  for  all 
loads  and  bolts,  being  varied  principally  by  the  load-mounting  arrangement,  it  may  be  assumed  that 
all  bolts  tested  with  the  same  load  and  load-mounting  arrangement  absorbed  about  the  same  amount  of 
energy  during  a  typicul  blow,  and  that  this  amount  of  energy  increased  about  linearly  with  the  load. 
General  trends  drawn  from  Fig.  8  concerning  the  number  of  blows  to  failure  indicate  that 

a.  Reduced-shank  bolts  will  withstand  more  blows  before  failure  than  equivalent  straight-shank 
bolts. 

b.  I>ong  bolts  will  withstand  more -blows  before  failure  thrn  equivalent  short  bolts. 

c.  Short  reduced-shank  belts  are  only  slightly  better  than  short  straight-shank  bolts;  the 
■advantage  of  the  reduoed-shank  bolt  becomes  considerable  as  the  bolts  become  long. 

<1.  Long  straight-shank  bolts  have  only  a  slightly  longer  life  under  the  given  shock  conditions 
than  equivalent  short  straight-shank  bolts. 

e.  The  number  of  blows  a  bolt  of  any  design  and  material  can  survive  will  vary  inversely  with 
the  load  multiplied  by  a  constant  determined  by  the  material,  bolt  design,  and  load  mounting. 

f.  Other  control  parameters  being  the  same,  SAE  4140  bolts  will  survive  the  greatest  number 
of  blows,  followed  in  order  by  SAE  1020  CR  and  SAE  1020  HR. 

It  is  interesting  to  note  that  with  loads  of  423  pounds,  bolts  of  all  designs,  materials,  and  load 
mounting  arrangements  survive  a  comparable  number  of  blows  (about  2  to  4),  although  the  variation  is 
very  large  (from  5  to  25)  when  the  lighter  loads  ore  used.  Mounting  the  load  on  channels  appears  both 
to  increase  the  individual  variation  between  results  of  identical  bolts,  and  to'amplify  the  dependence 
of  'blows  to  failure”  on  load.  Some  bolts,  for  channel-mounted  arrangements  and  for  small  loads,  could 
not  he  fractured;  on  the  average,  those  .bolts  which  were  fractured  with  channe  Amounted  'arrangements 
survived  about  the  same  number  of  blows  as  similar  bolts  with  the  same  loads  table-mounted. 


Average  Elongation  per  Blow 

The  bar  graphs  of  Fig.  9  illustrate  the  elongation  per  blow*  and  permit  the  following  generalizations: 

a.  For  a  given  condition,  the  bolt  elongation  per  blow,  for  a  successive  series  of  blows  exclusive 

of  the  blow  causing  fracture,  is  approximately  constant.  .  -  ‘  * 

b.  The  major  factors  affecting  the  boh  elongation  per  blow  were  the  bolt  tmterial,  the  toad, 
and  the  load-mounting  arrangement. 

c.  Minor  variations  in  bolt  elongation  were  caused  by  bolt  design.  These  effects  were  more 
pronounced  for  greater  loads.  la  general,  average  elongations  per  blow  were  greater  for  reduced- 
shank  than  for  straight-shank  bolts,  and  short  bolts  generally  had  greater  elongations  per  blow  than 
similar  long  bolls. 

• 

d.  There  wm  no  correlation  between  elongation  per  blow  with  channel-  and  table-mounted 
arrangemen**. 
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e.  As  expected,  the  average  elongation  per  blow  was  greater  for  SAE  1020  HR  bolts,  followed 
by  SAE  1020  CH  and  SAE  4140  bolts. 

f.  In  general,  long  reduced-shank  bolts  showed  greater  average  elongations  than  bolts  of  the 
other  designs. 


Total  Elongation,  at  Failure 

Figure  10  illustrates  the  total  elongation  at  failure,  from  which  the  following  generalizations  are 
made: 


a.  Reduced-shank  bolts  undergo  greater -total  elongation  than  straight-shank  bolts,  and  long 
bolts  undergo  greater  total  elongation  than  short  bolts. 

b.  The  increased  total  elongation  of  long  bolts  as  compared  to  short  bolts  was  less  noticeable 
in  straight-shank  than  in  reduced-shank  bolts. 

c.  Total  elongation  was  found  to  be  a  constant  of  the  material. and  the  bolt  design,  and  was 
little  affected  by  changes  of  the  load  and  load  mounting. 

d.  Total-elongations  of  SAE  1020  HR  bolts  were  -the  greatest  followed  by  1020  CR  and 
4140  bolts. 

It  should  not  be  inferred  frorh  this  that  the  total  elongation  will  not  change  if  the  rate-of-straio  is 
drastically  altered.  Table  1,  which  illustrates  the  total  elongation  to  fracture  for  similar  bolts  under 
static  and  dynamic  conditions,  shows  generally  increased  elongation  under  dynamic  conditions,  with 
a  greater  percentage  increase  for  reduced  shank  bolts. 

An  interesting  feature  of  these  graphs  is  that  the  total  elongations  of  long  reduced-shank  bolts 
of  all  materials  are  greater  for  169-lb  loads  than  with  other  loads.  Since  with  this  load,  bolts  of  this 
design  had  by  far  the  longest  lifetime  (most  blows  before  fracture)  of  all  bolts  tested,  this  is  possibly 
due  to  a  strain-aging  process.  Other  attempts  to  show  strain  aging  were  not  successful. 

Load  Deceleration,  Peak  and  Average 

In  the  data  shown  in  Figs.  11  through  14,  peak  decelerations  have  been  derived  from  the  maximum 
negative  signals  of  the  load  accelerometer,  and  “average”  decelerations  from  the  average  slope  of  the 
load  velocity-time  records.  This  latter  figure  is  more  significant,  since  the  higher  frequencies  present 
in  the  former  are  ignoied.  These  higher  frequencies  are  local  vibrations  which  do  not  appear  appreciably 
.in  the  strain  records  of  the  bolts.  The  average  decelerations  indicate  the  maximum  values  that  con  be 
effected  under  these  load-bolt  arrangements  and  for  these  shock  conditions.  The  bolts  were  undergoing 
plastic  flow  during  the  stage  of  maximum  deceleration. 

Load  decelerations  encountered  during  the  second  peak  (the  peak  resulting  fro.-n  the  reversal  of 
the  table  velocity.  Fig.  7)  were  generally  somewhat  greater  than  those  found  during  the  first  peaks;  in 
particular,  a  very  large  increase  (about  200-300  g)  was  found  for  peak  decelerations  of  loads  restrained 
by  short  straight-shank  bolts  of  both  SAE  4140  and  SAE  1020  CR  steel.  While  individual  variations  of 
similar  bolts  were  also  more  pronounced,  the  general  characteristics  were  much  the  some  as  those  found 
during  the  first  peak. 
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Teak  Dynamie  Strain 

The  dynamic  atrain'was  determined  by  a  gage  attached  at  a  definite  location  on  a  bolt,  and 
indicates  only  the  average  strain  that  occurs  over  that  section.  The  sensitive  element  consisted  of 
an  SR-4  strain  gage  affixed  to  the  bolt  immediately  above  the  threads,  and-hence  removed  from  the 
region  of  necking  of  all  bolts.  The  data  presented  are  consequently  more  nearly  proportional  to  the 
uniform  part  of  the  strain  then  to  the  total  elongation.  The  fallowing  generalizations  may  be  made 
from  the  strain  records  and"  the  tabulations  of  Figs.  15  and  16: 

a.  Under  the  same  experimental  .conditions,  reduced-shank  'bolts  underwent  a  greater  uniform 
strain  than  straight-shank  holts,  and  short  bolts  experienced  a  greater  strain  than  long  bolts. 

h.  The  variation  of  indicated  strain  with  bolt  length  was  greater  in  reduced-shank  bolts,  where 
the  distance  between  the  gage  and  the  region  of  necking  varied,  than  in  straight-shank  bolts,  where 
necking  occurred  at  the  same  distance  from  the  gage  regardless  of  bolt  length.  This  effect  was  less 
marked  in  SAE  4140  bolts  than  in  those  of  the  other  materials,  since  in  this  case  o-nly  a  small  amount 
of  necking  occurred. 

c.  While  SAE  1020  HR  bolts  acquired  the  greatest  total  elongation  (Fig.  9),  this  was  due  largely 
to  necking;  the  uniform  strain  was  lowest  for  SAE  1020  HR  bolts. 

Strains  measured  during  the  second  peak  (reversal  of  table  Velocity)  were  much  greater  than  those 
found  during  the  first  peak,  particularly  in  the  case  of  1020  HR  ‘bolts.  In  bolts  of  this  material,  local 
strains  were  sufficiently  high  lo  cause  failure  of  the  gage. 

CONCLUSIONS 

The  use  of  reduced-shank  bolts  results  in  more  desirable  shock -characteristics,  particularly  when 
bolts  are  fairly  long.  The  effect  of  reducing  the  shank  is  not  great  for  short  bolts.  Since Teduccd-sbank 
bolts  can  still  be  tightened  after  having  been  stretched  to  an  unsafe  degree,  it  may  be  necessary  that 
their  lengths  be  checked  after  conditions  of  ahock  that  require  retightening, -  and  that  they  be  replaced 
when  their  percent  elongations  reach  some  critical  value,  determined  primarily  by  the  material  of  the 
bolts.  For  straight-shank  bolts,  the  plastic  strain  occurs  in  the  threaded  region,  so  such  a  bolt  can 
no  longer  be  tightened  after  much  plastic  flow. 

While  it  is  known  (11)  that  the  advantages  of  high  tensile  alloys  with  respect  to  the  mild 
steels  may  decrease  Under  conditions  of  shock,  there  is  still  a  considerable  advantage  in  the  use  of 
properly  heat-treated  high  tensile  alloys.  Of  the  three  materials  tested,  the  SAE  4140  possessed  the 
most  favorable  properties.  SAE  1020  HR  should  not  generally  be  used  unless  some  shock  protection 
is  desired  by  virtue  of  its  ability  to  provide  large  deformations. 

Such  stress  risers  as  threads  and  scratches,  that  require  &  relatively  small  amount  of  plastic  flow 
for  their  relief,  have  comparatively  little  effect  on  the  performance  of  bolts  under  shock  conditions. 

It  should  notbe  inferred  from  this  that  stress  risers  such  as  cutouts  and  corners  in  structures,  that  can 
only  be  relieved  by  a  large  amount  of  plastic  flow,  are  unimportant. 

Aging  processes  appear  to  have  a  definite  effect  on  the  properties  of  bolts  under  impact  conditions, 
but  this  can  only  be  qualitatively  determined  from  the  data  of  these  tests.  It  appears  tliat  if  more  strain- 
aging  time  is  allowed,  some  improvement  in  the  number  of  blows  to  failure,  or  ability  to  absorb  energy, 
results. 
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The  test  results,  summarized  inTable  1,  have  been  fount!  to  be  essentially  in  agreement  with 
published  data  (11),  particularly  in  the  case  of  rcduced-shank  bolts.  Tim.  ratios  of  dynamic  to 
static  elongations,  and  the  ratios  of  dynamic  to  static  maximum  stresses,  exhibit  considerable  variation 
with  bolt  design.  In  general,  SAE  4140  bolts  exhibit  the  greatest  increase  in  ductility  under  dynamic 
conditions,  while  thut  of  1020  Mil  ami  1020  CR  bolts  increases  but  little.  SAE  1020  CR  bolts,  however, 
show  the  greatest  increase  in  maximum  stress,  while  4140  bolts  show  the  somewhat  anomalous  character¬ 
istic  of  nn  actual  decrease  in  this  quantity.  This  is  probably  due,  at  least  in  part,  to  the  fact  that  the 
dynamic  stress-strain  curve  of  this  material  decreases  considerably  for  blows  following  the  first;  for 
example,  the  curves  of  Reference  (11)  indicate  that  while  the  dynamic  proportional  limit-during  the  first 
blow  is  1.64  times  the  static,  d-  ring  the  second  blow  this  racio  drops  to  about  1.44.  This  effect  does 
not  occur  To  such  an  extent  in  either  SAE  1020  HR  or  1020  CR  bolts. 
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